The rice blast fungus, Magnaporthe grisea, forms a dome-shaped and darkly pigmented infection structure, an appressorium, to penetrate its host. Differentiation and maturation of appressoria are critical steps for successful infection. A spontaneous developmental mutant (MG01) defective in appressorium formation was found in this fungus. The mutant did not form appressoria either on inductive hydrophobic surfaces or on rice leaves. The addition of cyclic AMP or 1,16-hexadecanediol was not effective in inducing appressorium formation in this mutant. This mutant did not cause lesions on rice when inoculated with conidial suspension by spraying or injecting into the leaf sheath. Genetic analysis of the mutant indicated that the phenotype is under single gene control, designated APP5. Crosses with previously described appressorium defective mutants (app1 3 and app3 3 ) of Magnaporthe grisea suggested that the mutations are at different loci. Bulked segregant analysis was employed to obtain DNA markers linked to the APP5 locus. z
Introduction
Magnaporthe grisea (T.T. Hebert) Yaegashi and Udagawa (anamorph: Pyricularia grisea (Cooke) Sacc.) is the causal fungus of rice blast, the most devastating rice disease throughout the rice-growing areas of the world. Successful infection by this fungus requires attachment of a spore to the host surface, spore germination, and appressorium formation from an emerging germ tube. Hydrostatic pressure increases inside the appressoria that assists in penetration of the host surface [4] . Much has been learned about the environmental cues and endogenous signaling pathways involved in appressorium formation of M. grisea over the past few years. Differentiation of appressoria in this fungus is triggered by environmental cues including the hydrophobicity and hardness of contact surface as well as chemicals from the plant surface [2, 7, 14] . cAMP-dependent and mitogen-activated protein (MAP) kinases have been implicated in signal relays for appressorium formation in this fungus [6, 10, 15] . More recently, involvement of the calcium/calmodulin signaling the pathway on appressorium formation was also reported [8] .
M. grisea is a haploid and a typical heterothallic ascomycete. Mating is governed by alternative alleles of the mating type locus, Mat1. Successful development of fertile laboratory strains [1] has made this fungus amenable to genetic analysis of host-pathogen interactions [5, 9] , mutations in sporulation and conidial morphology [3, 12] . Recently, mutations in an appressorium formation generated by UV mutagenesis have also been genetically analyzed and mapped on the chromosome of M. grisea [17] .
We report here genetic analysis of a mutation causing inability to form appressoria in M. grisea. The mutant is a¡ected by a single genetic locus (APP5), di¡erent from previously de¢ned genetic loci (APP1 and APP3), regulating appressorium development in M. grisea.
Materials and methods

Fungal isolates and cultural conditions
The sources and characteristics of M. grisea strains used in this study are listed in Table 1 . Culture of the fungus was maintained on oatmeal agar (50 g of oatmeal per liter of water) with constant £uorescent light at 22³C for conidiation. Mycelia for DNA extraction were prepared by culturing in a complete liquid medium with constant shaking at 26³C for 5 days.
Phenotypic characterization of M. grisea MG01
Conidia were harvested from 10 day old cultures of M. grisea MG01 and washed twice with sterile distilled water. Ability to form appressoria on an inductive surface was evaluated on the hydrophobic side of Gelbond ¢lm (FMC BioProduct, Rockland, ME, USA) as described previously [6] . For chemical induction of appressorium formation, N T -monobutyryl cAMP (mb cAMP), 3-isobutyl-methylxanthine (IBMX), or 1,16-hexadecanediol was added in a conidial suspension and placed on the hydrophilic side of Gelbond and incubated as described previously [2] .
Crossing and segregation analysis
Crosses were made by pairing the mutant and wild-type strains on oatmeal agar in a petri plate and incubating at 22³C in the dark for 3^4 weeks. Random ascospore progenies were obtained as described previously [17] . The segregation ratio observed in progenies was con¢rmed by identifying mating type alleles. Progenies from backcrosses and sib-crosses were also analyzed for segregation ratios. M. grisea MG01 was also crossed with previously de¢ned appressorium-defective mutants (app1 3 and app3 3 ) and progenies were tested for appressorium formation for the allelic relationship among mutations.
Genetic mapping by bulked segregant analysis
Genomic DNA of M. grisea was isolated as described previously [16] . Bulked segregant analysis using a random ampli¢ed polymorphic DNA (RAPD) technique has been described [11] . DNA from 13 appressorium-forming and 15 appressorium-defective progenies of the cross MG01U70-6 was pooled separately according to phenotype. These two DNA samples were used for polymerase chain reaction (PCR) with 10-base random primers (Operon Technology, Alameda, CA, USA). DNA ampli¢cation was performed as described previously [12] . Polymorphic DNA bands observed in the two bulked populations were tested for linkages to the mutation locus using DNA from 28 individual segregants. Linkage distance between the mutation locus and RAPD markers was calculated by the maximum likelihood method [13] .
Results and discussion
Phenotypic characterization of M. grisea MG01
A spontaneous developmental mutant defective in appressorium formation was obtained from the collection of M. grisea isolates in the laboratory. The percentage of conidial germination by this mutant was similar to the wild-type strain. However, no appressoria were formed even when incubated more than 24 h on the hydrophobic surface of Gelbond as well as on rice leaves. The germination pattern of this mutant was di¡erent from the previously reported mutants (app1 3 and app3 3 ) and defective in appressorium formation of M. grisea which produced long and straight germ tubes on the hydrophobic surface of Gelbond [17] . However, hookings of germ tube tips were observed in this mutant (Fig.  1) . A similar germination pattern has been reported in transformants lacking the MAP kinase gene by gene replacement in M. grisea [15] . Colony morphology and pigmentation of this mutant on potato dextrose agar and complete medium were not distinguishable from the wild-type. The mycelial growth rate and sporulation ability of this mutant were also similar to the wild-type. This mutant did not cause lesions on rice when a conidial suspension was sprayed on rice leaves or injected into the leaf sheath. This mutant appears to be stable since no reversion to the wild-type has been observed over many generations of subculturing. It has been reported that cAMP, IBMX, or 1,16-hexadecanediol could induce appressorium formation on non-inductive surfaces in this fungus [2, 6] . However, the addition of these chemicals was not e¡ective in inducing an appressorium formation on inductive and non-inductive surfaces in this mutant. These data suggest that the mutation is a¡ected in the downstream where cAMP or 1,16-hexadecanediol functions. The addition of these e¡ector chemicals could not restore the ability to form appressoria in the app1 3 mutant [17] .
Genetic crosses and allelism tests
The results of genetic crosses between this mutant (MG01) and a wild-type strain (70-6) of M. grisea are presented in Table 2 . The segregation ratios of parental, backcrosses and sib-crosses between appressoria-forming and appressoria-defective phenotypes did not deviate signi¢cantly from 1:1 and the pooled segregation ratio, 86 appressoria-forming to 85 appressoria-defective, showed a ¢t to 1:1 (M P =0.01, P s 0.5). These results suggested that the inability to form appressoria in this mutant is under single gene control, designated APP5. Crosses between appressoria-forming progenies yielded all wild-type phenotype. The fact that nuclear genes controlling mating types, Mat1-1 and Mat1-2, segregated 1:1 in the crosses is good evidence that the genetic crosses behaved properly and progeny analyses were unbiased in this study.
To determine the genetic relationship between this genetic locus (APP5) and previously de¢ned genetic loci (APP1 and APP3) regulating appressorium formation, the mutant strain MG01 was crossed with 243-7 and 17-4/3 strains of M. grisea. In the cross of MG01 (app5 3 ) and 243-7 (app1 3 ), two out of 11 progenies were wild-type phenotype, as expected for independent loci. Although the segregation ratio in the cross of MG01 (app5 3 ) and 17-4/3 (app3 3 ) was distorted with an excess of wild-type progeny, the recovery of wild-type progeny indicated that APP5 and APP3 are independent genetic loci ( Table  3 ). This result is not unexpected, because each mutant has a di¡erent phenotype. Several developmental genetic loci in M. grisea exhibited pleiotrophic e¡ects. Genetic loci regulating conidial morphology (SMO) and sporulation (Con1 and Con7) also a¡ect appressorium formation of M. grisea [3, 12] . However, no apparent pleiotrophic e¡ect has been observed in the app5 3 mutant.
Bulked segregant analysis
To ¢nd linked molecular DNA markers on APP5 locus, bulked segregant analysis was conducted by employing a RAPD technique. Among 360 random primers which were tested on two bulked DNA pools (appressoria-forming and appressoria-defective), Table 2 Segregation of random ascospore progeny from crosses between an appressorium-defective mutant (MG01, ppressorium assay was performed on the hydrophobic surface of Gelbond. 280 primers (77.8%) ampli¢ed M. grisea genomic DNA. Seventy-four out of 280 primers showed at least one polymorphic ampli¢ed band between two bulked DNA pools. Eight primers were further selected and used to amplify 28 individual DNA from two bulked pools (15 progenies from the mutant phenotype and 13 from the wild-type phenotype) for measuring the recombination frequency. The primer G11 gave the nearest linked marker to a APP5 locus at 9 cM distance. However, this genetic distance should be understood very cautiously, because a small number of progenies has been used to measure the recombination frequency in this experiment. Saturation mapping with more progenies and RAPD markers should provide tightly linked markers to the APP5 locus. Bulked segregant analysis by combining with a restriction fragment length polymorphism (RFLP) technique has also been employed to identify linked markers to genes for appressorium formation in M. grisea [17] . Taken together, bulked segregant analysis by combining RAPD and RFLP markers is relatively simple, rapid, and e¡ective in identifying DNA markers linked to novel genes for appressorium formation in M. grisea.
